in the ESI). 10 Recent studies of the mauveine in Victorian six pence stamps have also helped to delineate different mixtures of mauveine chromophores that were made commercially and how they were made. 11, 12 Our attempted studies on the synthesis of a mauveine A and mauveine B mixture, like museumstored mauveine, 13 using different compositions of p-toluidine, o-toluidine and aniline, were always unsuccessful. The results of these studies using liquid chromatography-mass spectrometry (LC-MS) analysis of the purified product mixtures are now reported. Two further samples of museum-stored mauveine, from Sudbury and Bradford, have also been analysed. Sudbury is the old suburb where Perkin lived in the house he built called The Chestnuts. The Chestnuts is near to where his factory was at Greenford Green. A memorial was built at Butler's Green but which is now gone (Fig. S2 in the ESI).
Discussion

Mauveine compositions of museum-stored mauveines
The Sudbury bottle of mauveine is quite small containing about 5 g of mauveine ( Fig. S3 in the ESI). A small sample of this mauveine and mauveine from the Bradford Colour Experience Museum was collected and analysed by LC-MS (RT = retention time). Figure 1 shows the structures of the standard mauveine chromophores. Figures 2 and 3 show the LC-MS charts and are compared with the LC-MS chart from the analysis of mauveine from the Manchester Museum of Science and Industry (Fig.  4) . The composition data arise from the peak areas in the LCLiquid chromatography-mass spectrometry analysis of mauveine from the historical London suburb of Sudbury (W.H. Perkin's home and factory) and Bradford M. John Plater* and Andrea Raab Department of Chemistry, University of Aberdeen, Meston Walk, Aberdeen AB24 3UE, UK Mauveine samples stored in museums in Sudbury, Bradford and Manchester are similar and are shown to be rich in mauveine A and mauveine B by liquid chromatography-mass spectrometry. By varying the aromatic amine composition of W.H. Perkin's 1856 patented method of mauveine synthesis, it is shown that they were not made by this method as W.H. Perkin disclosed it. An explanation for this is described.
Keywords: mauve, mauveine, Sudbury, Bradford * Correspondent. E-mail: m.j.plater@abdn.ac.uk MS charts. The numbers by the short lines are the molecular weights of the mauveine chromophores, which have been separated down a reversed-phase column. The wavelength of detection is 550 nm and mAU stands for milli absorption units. Tables 1-3 show the relative peak areas for Figs 2-4 respectively. Table 4 shows a comparison of the total A group, B group and C group chromophores, which are remarkably similar. These three mauveines are similar in that they are dominated by mauveine A and mauveine B with lesser amounts of other chromophores making up the fingerprint region. All three mauveines are different from the mixture that is typically made by W.H. Perkin's patented method, which consists of mauveine A, mauveine B2, mauveine B and mauveine C. 3 It is likely that these three mauveines and the other samples, rich in mauveine A and mauveine B, that were analysed by Sousa et al. 14 were prepared by a unique manufacturing process in W.H. Perkin's factory. 6, 7, 9 The Sudbury mauveine, which is from W.H. Perkin's home suburb, lends credence to this provenance along with the Mollwo letter, 
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only a slight excess of o-toluidine. It is a standard mixture of mauveine A, mauveine B2, mauveine B and mauveine C characterised previously. 3 Table 5 , entry 4 (see Fig. 8 and Table  9 ) is of mauveine made using a moderate excess of aniline which favours mauveine A and mauveine B2 over mauveine B and mauveine C. More mauveine A is expected; mauveine B2 predominates as well. Table 5 , entry 5 (see Fig. 9 and Table 10 ) is of mauveine made using an excess of o-toluidine. It consists of a standard mixture of mauveine A, mauveine B2, mauveine B and mauveine C although is not quite so well defined as Table 5 , entry 3. Table 5 , entry 6 (see Fig. 10 and Table 11 ) is of mauveine made with a minor amount of p-toluidine. It consists of a standard mixture of mauveine A, mauveine B2, mauveine B and mauveine C. Table 5 , entry 7 (see Fig. 11 and Table 12 ) is mauveine made from a similar mixture of amines and is a similar mixture of mauveine A, mauveine B2, mauveine B and mauveine C. These different compositions of aromatic amines are chosen to replicate typical mauveine compositions that might have resulted had W.H. Perkin made mauveine using only his patented method of 1856. Many variables are possible but the composition is a key one. The product mixtures are always different from those of museum-stored mauveine because they are not dominated by mauveine A and mauveine B. Each entry appears in Table 5 and is presented as an LC-MS chart in Figs 5-11. The entries are discussed in sequence along with the relative composition data taken from Tables  6-12 . Table 5 , entry 1 (see Fig. 5 and Table 6 ) is of mauveine made from an aniline rich composition. The product is mainly pseudo-mauveine and a monomethyl mauveine chromophore. The excess of aniline suppresses the formation of mauveine A, mauveine B2, mauveine B and mauveine C, which each contain more methyl groups. This mauveine is more like Caro's mauveine which was presumably made using purer aniline. 12,15 Table 5 , entry 2 (see Fig. 6 and Table 7 ) is of mauveine made using an excess of p-toluidine. Interestingly the excess of p-toluidine suppresses the formation of mauveine A and mauveine B, but favours the formation of mauveine B2 and mauveine C. In the central part of these compounds p-toluidine has been incorporated in place of aniline. Table  5 , entry 3 (see Fig. 7 and Table 8 ) is of mauveine made using Table 2 Relative peak areas for the chart in Fig. 3 RT (min) m/z 363 m/z 377 m/z 391 m/z405 m/z 419 m/z 433 3.8 - Table 9 for the relative peak areas. Table 5 , entry 1 LC-MS chart for mauveine made by W.H. Perkin's patented method. See Table 6 for the relative peak areas. Table 5 , entry 2 LC-MS chart for mauveine made by W.H. Perkin's patented method. See Table 7 for the relative peak areas. Table 11 for the relative peak areas. Table 5 , entry 5 LC-MS chart for mauveine made by W.H. Perkin's patented method. See Table 10 for the relative peak areas. Table 12 for the relative peak areas. Fig. 12 Common intermediates proposed to explain the product ratios in mauveine syntheses. The molecular weights of the mauveine chromophores are given. Table 9 Relative peak areas for the chart in Table 7 Relative peak areas for the chart in Table 10 Relative peak areas for the chart in Fig. 9 RT
----18.9 - Table 11 Relative peak areas for the chart in Fig. 10 RT ( Table 12 Relative peak areas for the chart in 
The most common mixture of mauveine chromophores made this way consists of four mauveine chromophores, mauveine A, mauveine B2, mauveine B and mauveine C. It was possible to get either an excess of pseudo-mauveine or mauveine B2 and mauveine C, but we never obtained a selective mixture of mauveine A and mauveine B. In Table 5 , entry 4 is similar to Table 5 , entry 2, except that the excess of p-toluidine has been changed to an excess of aniline. Mauveine A and mauveine B do not predominate in Table 5 , entry 4 as for mauveine B2 and mauveine C in Table 5 , entry 2.
These results can be explained by assuming that a common intermediate 6 is present, which leads to chromophores A and B2 and a common intermediate 7 leads to chromophores B and C (Fig. 12 ). There will always be a propensity to form mauveine A along with mauveine B2 and a propensity to form mauveine B along with mauveine C. This explains why all four chromophores A, B2, B and C are often observed together. Mauveine A and mauveine B come from different intermediates, from both compounds 6 and 7, so it is difficult to form only mauveine A and mauveine B. We previously reported the use of tert-butyl-p-toluidine in place of p-toluidine which circumvents this problem because the bulk of the tertbutyl group stops the formation of mauveine B2 and mauveine C and so favours the formation of mauveine A and mauveine B. 6, 7, 9 Summary These studies strengthen our proposal that museum-stored mauveine, present on a number of sites, all similar and rich in mauveine A and mauveine B, was not made by W.H. Perkin's patented method of 1856, but that a second modified method of manufacture was used in which it was proposed that p-toluidine was replaced by tert-butyl-p-toluidine hydrochloride. 6, 7, 9 A previous timely suggestion for the observed variation in the mauveine chromophore compositions on fabrics only considered variations in the aniline/toluidine ratio, a feature of the synthesis which W.H. Perkin himself described 16, 17 and not the use of a new building block.
14 This historical study linking the Science Museum mauveine to the Mollwo letter supports the view that the Science Museum does indeed have W.H. Perkin's original mauve dye. 18 
Experimental
LC-MS
For analytical separation an Agilent 1290 Infinity HPLC system consisting of a quaternary HPLC pump, cooled auto sampler compartment, column compartment and diode-array UV-Vis detector was used. A Gold C-18 column (2.1 x 150 mm, Thermo Scientific, UK) was used for separation with a water/methanol gradient (both 0.1% v/v formic acid) from 40% MeOH to 100% in 7 min. The flow rate was 0.5 mL min -1 , column temperature 40 ºC and sample volume 5 µL. The mass spectrometer (ES-MS) used was a MAXIS II UHR-TOF LC-MS System (Bruker UK Ltd) with ESI source connected to the UV-Vis detector by a short length of Peek-tubing. The ES-MS was operated in positive ion mode with a capillary voltage of 4.5 kV using sodium formate clusters for calibration and methyl stearate as lock-mass. MS 2 spectra were recorded automatically.
For a general method of mauveine synthesis simulating W.H. Perkin's 1856 patented method see an earlier paper. 
